he efficiency of photosynthesis continues to interest biochemists, biologists, and plant physiologists. Scientists interested in CO2 uptake are concerned about the extent to which the uptake rate is limited by such factors as stomatal diffusion and the chemistry of the CO2 absorption process. The fractionation of carbon isotopes that occurs during photosynthesis is one of the most useful techniques for investigating the efficiency of CO2 uptake.
Measurement of carbon isotopes
The "3C content of carbon dioxide is usually determined with a mass spectrometer specially designed for highprecision measurement of the ratio R, defined by R =
3CO2/12CO2
Other materials must be converted to CO2 prior to analysis. Plants are ordi- The standard is carbon dioxide obtained from a limestone, called PDB, from the Pee Dee formation in South Carolina (Craig 1957 ). The units of 813C are called "per mil," or 0/0o. A more negative 8 C means more or lighter in mass; a more positive 813C means more 13C, or heavier. Most natural materials have negative 813C values because they contain less 13C than the standard. The precision of modern mass spectrometers is at least ?i0.02 %o0, but sample preparation errors may bring the total reproducibility of measurements on plant materials to 10.2 0/0o. Thus, interpretations based on differences smaller than 1 o/ should be made with caution.
In the absence of industrial activity, the 813C value of atmospheric CO2 is -8 0/oo. This value for the atmosphere is slowly becoming more negative due to the combustion of fossil fuel (813C for fossil fuel is approximately -30 %/oo) (Hoefs 1980 
Isotope values of plants
In the 1950s, Craig (1953 Craig ( , 1954 and Baertschi (1953) Peisker 1982 Peisker , 1984 Peisker , 1985 , all of which are based on the component fractionations given in Table 1 . The overall fractionation in such a complex system is a combination of these components, but it is not simply the sum of a series of individual fractionations-instead, the fractionation mostly reflects the rate-limiting step or steps (i.e., those with the highest resistivity). As a step becomes more limiting, the observed fractionation approaches the fractionation for that step.
The important steps in CO2 uptake in C3 plants are shown in Figure 2 . In the first step, external CO2 is transported through the boundary layer and the stomata into the internal gas space. This process is always to some extent reversible. Internal CO2 then dissolves in the cell sap and diffuses to the chloroplast, where carboxylation occurs. Because the carboxylation step is irreversible, steps subsequent to carboxylation are not important in determining the isotope fractionation. Both dissolving and diffusion show small isotope fractionations ( It is generally assumed that dissolu-'However, note that some workers in the field use the opposite sign convention. photorespiration), then we could breed a plant that would take up CO2 more rapidly without sacrificing water-use efficiency. The alternative possibility, decreasing diffusive resistance, has only a very limited potential for increasing CO2 uptake, and this increase would come at a substantial cost in water-use efficiency. As we will see below, the situation in C4 plants is different.
The C4 pathway involves sequential operation of two carboxylase systems (Figure 3 ). CO2 initially enters the leaf through the stomata and is taken up by phosphoenolpyruvate carboxylase in the mesophyll cells. The product of this carboxylation is converted to either malate or aspartate and is transported to the bundle sheath cells, where it is cleaved to CO2 and some other compound. The CO2 thus produced is taken up by ribulose bisphosphate carboxylase. Although the latter enzyme shows a large isotope fractionation (Table 1) , the effects of this fractionation are not seen in C4 plants because this step is preceded by an irreversible step, the carboxylation of phosphoenolpyruvate.
As in C3 carboxylation, dissolution and liquid-phase diffusion of CO2 are assumed to be fast. Carbonic anhydrase is present in C4 plants ( 
Respiration
The 8"13C value of a leaf reflects principally the isotope fractionation associated with photosynthetic carbon fixation and thus provides a useful indication of the operation of the C3, C4, and CAM photosynthetic pathways. However, other effects may also contribute to the overall isotopic picture, In addition to the possible contribution of CO2 loss from the bundle sheath cells during C4 photosynthesis and CO2 loss during deacidification in CAM plants, other losses of carbon from leaves may also contribute.
All plants respire, and in so doing, they may lose significant amounts of CO2. If this CO2 has the same 13C value as the leaf froin which it is lost, then this loss is of no consequence for the isotope content of the leaf. However, if respired carbon is depleted in 13C compared to the leaf, then the leaf will become 13C enriched as a result 
Longer-term effects
Accordin to this picture of CO2 fixation, the C content of leaves reflects the isotope fractionation associated with CO2 uptake, with perhaps small modifications as a result of respiratory processes. This snapshot view of CO2 fixation is not entirely correct.
The isotopic content of a leaf provides an integrated view of carbon gain and loss over the whole history of the leaf. Although most leaf carbon appears to be introduced directly by photosynthesis within the leaf, total carbon also includes carbon that was imported from elsewhere in the plant during early stages of leaf development and excludes carbon that has been lost from the leaf by respiratory processes and by export to the remainder of the plant. An accurate model of the isotopic composition of a leaf must include all these processes. Import and export processes are poorly understood and are often slighted in development of quantitative isotopic models. These processes can be ignored only to the extent that the carbon gained and lost is isotopically the same as whole leaf carbon. Studies of the changes in isotopic content during development are inconclusive with regard to the question of whether these effects are significant. Other short-term methods make use of the change in isotopic composition of atmospheric CO2 during photosynthesis in a closed system. This approach can be applied either in a flowing system like that used in gas exchange (Evans et al. 1986 ) or in a closed, nonflowing system (O'Leary et al. 1986). The advantage of the flowing system is that measurements are made at steady-state, and the properties of the plant are likely to be quite reproducible. The disadvantage is that the isotopic change in the CO2 stream due to photosynthesis is quite small, and thus the calculated isotope fractionation (which may be 5-10 times larger than the observed change) is subject to a large uncertainty. Larger isotopic changes are obtained in the second method, but results are rendered uncertain by changes in CO2 concentration in the atmosphere (and consequently changes in stomatal aperture) that occur during the experiment. Both methods give results consistent with data from the combustion method. These methods will be useful for studying a variety of environmental and species effects.
Aquatic plants and algae

Conclusions
The first phase of studies of carbon isotope fractionation in plants took advantage of the large differences among C3, C4, and CAM plants. During this period the isotopic method became a standard method by which new species could be placed in these categories. The current phase involves finely tuned, carefully controlled studies of isotope fractionation under defined environmental conditions. These studies are providing details on carbon flow during photosynthesis and on how various steps contribute to the overall rate of CO2 uptake in plants. We can anticipate that studies in the future will reveal many new aspects of both long-term and shortterm dynamics of carbon movements in living systems.
